Residual stresses and their distribution within individual layers are a general concern in thin film technology. Here we use a recently developed ion beam layer removal method to determine the stress profile in a thin film system. The system consists of a thin tungsten and titanium nitride film deposited on a silicon substrate. The stresses are calculated from the deflection of a focused ion beam machined cantilever by means of EulerBernoulli beam theory and finite element simulations coupled with optimizing algorithms, and the results of the two methods are critically compared. Case studies taking into account manufacturing related variations in the cantilever geometry, different boundary conditions and relaxation during cantilever fabrication are performed. We find that the stress distribution in the thin film system is strongly influenced by the boundary conditions and the cantilever fabrication, while manufacturing related variations in the cantilever geometry only slightly influence the stress distribution.
Introduction
The investigation of local residual stresses is important since they can affect the functionality and lifetime of many components. Residual stresses may occur due to plastic deformation, phase transformation, coating deposition or other inelastic processes. They can be found in bulk materials as well as in thin films across the entire length scale, starting from e.g. large manufacturing tools like casting dies with several meters in dimension down to nano-scale-structures used in the microelectronics industry, e.g. micro-electro-mechanical systems (MEMS) [1] . In the latter, especially multilayer and multi-material systems can show relatively high residual stresses due to elastic or thermal mismatch [2] [3] [4] [5] . To assess the risk of component failure it is necessary to investigate the local distribution and evolution of stresses in such devices.
In recent years, a number of methods were developed to study residual stresses in components and structures. Most of these methods determine the residual stresses globally, e.g. using wafer curvature [6, 7] or X-ray diffraction (XRD) [1, [8] [9] [10] [11] techniques, assuming a homogeneous stress distribution and no significant stress gradient over the investigated thickness. However, residual stresses are usually not distributed homogenously. Therefore other methods such as grazing incidence X-ray [7] or X-ray nano-beam techniques [12, 13] have been developed. These methods allow a depth resolution on the nano-scale, however only for crystalline materials. Another method resembles focused ion beam (FIB) milling in combination with digital image correlation (DIC). During FIB milling the material in the vicinity of the cut relaxes its internal stresses, leading to deformation, which can be measured by applying DIC. Subsequently, the stresses are calculated from the deformation field using a finite element (FE) calculation or analytical approaches. Different geometries, such as circular holes [14, 15] , rectangular trenches [16] [17] [18] , pillars [19] or H-bars [20] are used to determine residual stress profiles. However, several DIC based methods require a sufficiently structured surface on the material under investigation to assure enough homologous points in order to determine the deformation field in a reliable manner. Other disadvantages of the mentioned methods are related to certain aspects of the FIB milling or the stress analysis [20, 21] .
In the case of holes or trenches, the significant strain relief is always located near the milled region which results in a very complex and nonlinear strain gradient. Consequently, a FEM analysis is needed to calculate the residual stresses from the measured strains. Furthermore, the strain relief lies within the FIB damaged region which can influence the deformation behavior of the material. The H-bar shape also requires a FEM analysis to determine the residual stresses. The pillar geometry overcomes these problems, but has the drawback of small deformations, leading to inaccurate results especially for low residual stresses. Furthermore, the use of complex geometrical shapes may represent a critical issue for FIB instruments that deploy a raster-based patterning Thin Solid Films 564 (2014) [321] [322] [323] [324] [325] [326] [327] [328] [329] [330] engine for the movement of the ion-beam. However as shown e.g. in [19, 22] the application of a vector-based patterning engine solves this problem enabling the reliable processing of complex geometries like circular or ring shaped trenches.
A promising approach to overcome the above listed restrictions and disadvantages is the so-called ion beam layer removal (ILR) method in combination with an analytical stress calculation [23] [24] [25] [26] . This technique allows the evaluation of the stress distribution over the film thickness by using micro-scaled cantilever bending experiments. The ILR method makes use of the idea that the deflection of a cantilever depends on the distribution of residual stresses within the film. The deflection can be easily measured using scanning electron microscopy (SEM) and does not require any DIC or surface structure per se. However, the resolution accuracy could be substantially further improved by a combination of both approaches. The analytical approach can be used to estimate the residual stress distribution from the deflection of the cantilever. While the combination of ILR with an analytical approach provides a simple estimate of the residual stress distribution, the influence of real cantilever geometries deviating from idealized shapes, realistic boundary conditions, as well as stress relief during cantilever fabrication is not taken into account. Until now, it is unclear how these parameters affect the calculated residual stress distribution. In this paper, the ILR method is used in combination with analytical and numerical calculations in order to study the influence of the mentioned parameters on the stress distribution in thin films to further improve the ILR method. Therefore, we evaluate the residual stress in a multilayer thin film sample consisting of a thin tungsten (W) film and a thin titanium nitride (TiN) interlayer deposited on single crystalline silicon (Si) substrate (wafer). The different thin films investigated here are, for example, used in microelectronic devices [27] .
Description of the ILR method
A recently developed ILR method [23] [24] [25] [26] is used to determine the residual stress profile in the multilayer film system. The calculation method is based on the standard Euler-Bernoulli beam theory [28] , which provides means to calculate the load-carrying and deflection characteristics of beams. It covers the case for small deflections of a cantilever that is subjected to lateral loads. Residual stresses inside the film lead to a deflection of the cantilever. This deflection depends on the initial residual stress, the film and substrate thickness, the momentum of inertia of the cantilever as well as on the Young's moduli of the materials involved. In principle the ILR method works as discussed in the following paragraphs.
In the first step a cantilever, which is fixed on both sides, is fabricated with a FIB workstation out of the initial system in the vicinity of the sample edge, see Fig. 1 . In the next step the supporting material on one side of the cantilever is removed. This leads to a positive or negative deflection, depending on the residual stress distribution in the system. The first deflection (surface to surface distance) is measured with a scanning electron microscope at the free end of the cantilever (deflection area), see Fig. 1 . To determine the stress distribution across the coating, the film thickness is gradually reduced in the rear part of the cantilever ( Fig. 1b; ILR area) over a width of 10-15 μm. The milling is performed from the side of the cantilever to minimize the influence of Ga implantation [29] . The rest of the cantilever ( Fig. 1b; section B) remains unaltered and acts as pointer to measure deflection changes during FIB milling. The gradual thinning of the cantilever affects the stress distribution and reduces the stiffness of the system. They both lead to a deflection change, which is again measured for every milling step at the tip of the cantilever ( Fig. 1a ; red dashed box). SEM images are taken after each milling step in order to determine the remaining film thickness and to measure the deflection (Fig. 1c-e) . The mean stress from each removed layer, in the following termed sublayer, is determined from the actual deflection, the elastic properties of the system and the dimensions of the cantilever. The measured deflections as well as the sublayer thicknesses are consequently used to determine the residual stresses in the sublayers by means of an analytical approach, using the Euler-Bernoulli beam theory following Jiang et al. [26] . In comparison to Massl et al. [23] this approach is more straightforward and the solution provides directly the residual stress working in the initial condition for each sublayer. In the following the procedure is explained in detail:Under the condition of small elastic deformations, the curvature κ of a cantilever can be calculated from its deflection curve u(x) via
The solution of the differential equation leads to the relation between the initial deflection and the initial curvature of the entire cantilever,
Here κ B denotes the initial curvature of the entire cantilever after the free cut on one side, δ original denotes the first measured deflection and l is the cantilever length. During gradual film thinning, the curvature of the ILR area changes and thus the deflection of the cantilever. As the measured deflection change is, for a given length of the ILR area, a function of the actual cantilever thickness in the ILR area and the initial deflection calculated with Eq. (2), the curvature of the cantilever along the ILR area, κ A i , can only be determined iteratively by solving Eq. (3) for each measured deflection δ i [23] where i = 1,2,…n indicates the remaining system consisting of the substrate and n − i sublayers:
l A and l B denote the length of the ILR area and section B, see Fig. 1b . In the next step, the stress distribution in the layer system is calculated by means of force and momentum balance over the cantilever. Each previously removed sublayer is now added in the reverse order, and the mean stresses in the sublayers are calculated with regard to the experimentally determined curvatures. Since the cantilever deflection is caused only by internal forces due to the preexisting residual stresses in each sublayer j, they can be determined by solving the following equations for the equilibrium of force, N, and moment, M:
in which σ x,0 (z) denotes the stress distribution in z-direction in the substrate and σ x,j (z) denotes the stress distribution in each sublayer, both for the relaxed system. A is the integration area, t sub and t j denote the substrate thickness and the actual distance from the origin of the coordinate system. The coordinate system is located at the bottom of the substrate, see Fig. 2 . Because the lateral dimension of the wafer is much greater than the thickness, it is assumed that the film is under a biaxial plane stress state (σ x,j (z) = σ y,j (z)) and that the biaxial stress state only slightly changes during cantilever fabrication. Simplified model cases are used to ensure that the stress relaxation in sample width is negligible for the studied system. It is found that the shown stress assumption is valid. The stresses in Eqs. (4) and (5) consist of the mechanical stress σ x; j m z ð Þ , caused by the deformation of the cantilever, and the eigenstress in each sublayer, σ res x; j , and can be determined from Eq. (6),
ε m x; j z ð Þ, ε res x; j and ε x,j (z) denote the mechanical strain, the eigenstrain and the total strain, respectively of the j-th layer. E bj is the biaxial Young's modulus of each sublayer calculated from the Young's modulus E j and Poisson's ratio ν i as,
Assuming that there is no material separation during deformation, the strain distribution over the cantilever thickness has to be linear following Eq. (8),
where κ i denotes the actual curvature determined with Eq. (3) In the following, the calculation procedure is explained in detail and summarized in Fig. 2a -e.
The calculation starts with the uncoated substrate denoted as "condition zero". The substrate consists of pure single crystalline silicon, is stress free and therefore undeformed and plane, see Fig. 2a , corresponding to the curvature κ 0 = 0 and the uniform stress distribution σ x,0 (z) = 0.
In the next step the first sublayer of thickness t sublayer 1 is attached onto the silicon substrate (Fig. 2b) . In the present example sublayer 1 consists of TiN with a thickness of 120 nm and contains eigenstress. The eigenstress is a result of the lattice mismatch of substrate and layer, so it corresponds to the stress necessary to shrink or extend the layer to match the lattice of the substrate. Introducing eigenstress in the system leads to a bending of the substrate and sublayer 1 (Fig. 2c) . Due to the attachment of sublayer 1, the force and moment balance as well as the position of the neutral axis change. The uniform eigenstress in the sublayer is now calculated by solving Eqs. (4) and (5). In the following steps sublayer by sublayer is attached on top of the previously calculated system (Fig. 2d-e) , each one containing its specific eigenstress. The curvature that corresponds to the thickness of the actual relaxed system κ Ai is calculated from Eq. (3). From these curvatures, stresses can be readily obtained.
Experiments
In order to investigate the influence of manufacturing related variations in the cantilever geometry as well as the influence of the boundary conditions, the stress distribution in a real film system, consisting of a W and TiN film on a Si substrate, is determined. The investigated sample has an approx. 800 nm thick W layer and a 120 nm thick TiN interlayer, which works as primer, deposited on a single crystalline Si substrate (wafer) with a (100) orientation. The diameter and the thickness of the wafer are 200 mm and approx. 700 μm, respectively. For the Young's modulus and Poisson's ratio of Si mean values from different values reported in the literature [30] [31] [32] [33] are used, indicating a Young's modulus and Poisson's ratio of 170 GPa and 0.28, respectively. The TiN as well as the W film were deposited via chemical vapor deposition (CVD). Depending on the deposition technique the elastic properties of TiN and W films may vary, and the reported scatter of Young's modulus and Poisson's ratio is given in Table 1 [34] [35] [36] [37] [38] [39] [40] [41] [42] . Especially TiN films show a very large scatter in elastic properties [34] [35] [36] [37] [38] [39] . In the present case the Young's modulus and Poisson's ratio for TiN were taken as 390 GPa and 0.34, respectively. Thin W films behave more like bulk materials and the scatter of elastic properties is low [40] [41] [42] . The values chosen for the Young's modulus and Poisson's ratio of W were 411 GPa and 0.28, respectively. In the present case all materials are assumed to be homogeneous and isotropic without any texture. This assumption has been made because no pronounced texture in the W film was observed by using XRD. Furthermore, only negligible deviation in the numerical determined stress profile were determined if the assumed isotropic elastic behavior of the single crystalline Si substrate was substituted by an orthotropic elastic behavior. However this assumption is a critical point that has to be considered for every system of interest before applying the analytical approach.
Sample preparation
Micro-scaled cantilevers are prepared to determine the local residual stress distribution in the thin film system. Two different ion milling techniques are employed to manufacture these cantilevers. As FIB milling is rather expensive and time-consuming, broad beam ion milling is employed -a technique which was used by Wurster et al. [43] to manufacture freestanding lamellae.
The sample is retrieved from the middle of the wafer to avoid any influence on the stress distribution by inhomogeneous deposition near the wafer edge. First the ion slicing technique is used to mill a narrow fillet. Here, low energy Ar ions polish the surface, leading to less ion damage in the thinned area than the FIB. A Hitachi-E3500 Cross Section Polisher (Hitachi, Japan) is utilized for this preparation step. Fig. 3a shows a schematic of the sample setup that is put into the ion slicer. Every material that is not covered by the mask is exposed to the ion beam and therefore removed. A lacquer covering the sample surface protects the sensitive metal film from ion damage. In the first milling step the front edge of the sample is polished. A layer with a thickness of about 80-100 μm is removed to exclude possibly deformed material , c) relaxed system (substrate and sublayer 1) with total stress distribution over height, d) undeformed and stress free substrate plus undeformed sublayer 1 with constant eigenstress σ 1 res and undeformed sublayer 2 with constant eigenstress σ 2 res , e) relaxed system (substrate and sublayers 1 and 2) with total stress distribution over height.
Table 1
Range of elastic properties of single crystalline Si (100) [30] [31] [32] [33] , TiN [34] [35] [36] [37] [38] [39] and W [40] [41] [42] . which results from breaking the wafer. After rotating the sample by 180°a narrow area is covered by the mask so that a fillet on the Si substrate of about 20-30 μm metal film remains (Fig. 3) . For each milling step the ion beam is switched on for 3 h with an acceleration voltage of 6 kV, a discharge voltage of 4 kV and a sample tilting angle of ±25 with a speed of 1 rpm. The tilting of the sample with respect to the ion beam results in a more homogeneous material removal. For the second preparation step the sample is loaded in a LEO 1540XB (Zeiss, Germany) FIB workstation to shape the final cantilevers (Fig. 1a) . The coarse shape is milled with an ion beam current of 10 nA, and the final polishing step is carried out with 500 pA to minimize Ga + ion damage [29] . For details concerning the FIB preparation procedure see Massl et al. [23] . The final cantilever has a length of approx. 100 μm and a cross-section of approx. 5 × 4 μm 2 . For the actual experiment the cantilever is first cut free on one side and then gradually thinned in an approx. 10 μm wide ILR area ( Fig. 1a ; blue solid rectangle) with a FIB cutting current of 500 pA to determine the deflections as a function of the remaining cantilever thickness. The used SEM imaging parameters were: In-lens detector, 10 kV acceleration voltage, 30 μm objective aperture, scan speed 9 and noise reduction rate 4. Each sublayer thickness is determined from the difference between initial and remaining cantilever thickness in the ILR area. To minimize systematic errors in the SEM-measured dimensions, such as length, height, cutting depth or deflection, it is essential to calibrate the SEM well. Using a calibrated SEM leads to a standard deviation of all SEM-measured dimensions of less than 20 nm. To exclude any possible influence of the e-gun drift, we compare images with a scan rotation of 0°and 90°by considering beam deflection. The difference based on the deflection measurements between the two rotations is approx. 1%, and found in the sub-pixel regime using absolute numbers. The calculated drift is then even less than the measurement accuracy. Therefore, we conclude that the influence of the e-gun drift has no significant impact on the determined stress distribution. The measured deflections and sublayer thicknesses for this experiment are given in Table 2 . The change of the cantilever deflection during FIB milling has two main reasons. The first reason is due to the fact that the internal loading change, since a part of the material which contains residual stresses is cut away. The second reason causing a change of the cantilever deflection is, that the moment of inertia changes during FIB milling. Therefore, an increasing deflection during layer removal is not directly related to compressive stresses in the removed layer. If the change of the moment of inertia is higher than the decrease in the loading, the deflection can increase although tensile residual stresses are present in the sublayer. The measured deflections are consequently used to determine the curvature of the ILR area using Eqs. (2) and (3), see Section 2. The resulting curvatures are given in Table 2 .
Stress determination by means of X-ray diffraction
In order to obtain an integral measure of the mean residual stresses present in the W film and to validate the ILR method, X-ray diffraction (XRD) measurements are carried out. All experiments are conducted on a D8 Discover diffractometer (Bruker AXS, Germany) in parallel beam geometry at 40 kV and 35 mA using Cr Kα radiation. The dimensions of the investigated samples are approx. 10 × 10 × 0.7 mm 3 . For the residual stress determination in the W film the conventional sin 2 ψ technique [1, 10] was used. X-ray diffraction enables only the determination of a volume average of the residual stress. Therefore, the obtained residual stress value of 1433 ± 47 MPa found in the W film (without TiN), represents a mean value which depends on the actual residual stress profile, the X-ray penetration depth and the geometry of the experiment. The mean penetration depth up to 62.5% absorption of the primary beam for Cr Kα radiation in the W film is approx. 500 nm. Consequently the main information for the average residual stress originates from the first 500 nm of the W film.
Numerical determination of the residual stress distribution
A detailed three dimensional (3D) FE model closely matching the experimental situation is created with the FE software package ABAQUS [44] and coupled with an optimization program.
The residual stress distribution in the numerical model is adjusted by means of a conventional least-squares algorithm until the deflection of the cantilever in the model matches the experimentally measured values. The following section deals with the detailed description of the FE model and the used optimization strategy.
The dimensions of the cantilever (length, width, height, length of ILR area, thickness of layers and sublayers) as well as the deflection (measured at the tip of the cantilever) are taken from the experiments explained above, see Fig. 1a -e. At first a FE model using the same assumptions as used in the analytical calculation (idealized geometry and rigid fixation) is created (Fig. 4a-b ) in order to compare the analytical and numerical results and to estimate the accuracy of the numerically determined stress profile. To model a rigid fixation all nodes on the left side of the cantilever are fixed in all directions, see Fig. 4a-b . Afterwards the FE model is changed by adding an elastic fixation, see Fig. 4c-d . This is closer to the situation in the experiment. Finally Fig. 3 . a) Schematic of the sample setup that is put into the ion slicer. b) Schematic of a sample after ion milling, showing the fillet of~30 μm metal film (dark gray) on Si substrate (gray). Table 2 Measured cutting depths and deflections during gradual film reduction. Cantilever curvatures calculated from the measured deflections using Eqs. (2) different FE models with a slightly changed cantilever geometry and position of the ILR area are created to study the manufacturing related variations.
To determine the residual stresses in the sublayers different calculation steps are introduced in all above indicated models. In the initial step an arbitrary residual stress distribution is applied as predefined field variable in the initial step in order to load the cantilever. The arbitrary residual stress distribution leads to a perturbation of the equilibrium which is restored by stress relaxation in the first calculation step, leading to a deflection of the cantilever.
The direction and magnitude of the deflection depends on the arbitrarily chosen residual stress distribution. In subsequent steps, the FIB milling in the ILR area is modeled by deleting element rows (Fig. 4b and Fig. 4c ), leading to a change of the deflection line of the cantilever.
A special modeling technique called "model change" [44] allows setting the stiffness of selected elements to almost zero.
In order to save calculation time, each sublayer is modeled with only one element over height. The element length and width is chosen in a way that the element aspect ratio (height : length or width) does not exceed 1:6. To minimize the numerical error during the deflection calculation, fully integrated second order hexagonal brick elements are used.
The deflection in each calculation step is determined from the displacement of one node at the cantilever tip (see Fig. 4b-c) and subsequently compared with the experimentally determined deflection. Afterwards, a least squares optimization algorithm (LevenbergMarquardt algorithm [45, 46] ) is used to minimize the deviation between simulated and experimentally measured deflections.
The Levenberg-Marquardt algorithm is an iterative procedure, like many other numerical minimization algorithms. To start a minimization, an initial guess for the stress distribution in the layer system (parameter vector) has to be made. The optimization loop stops if the reduction of the sum of the squares from the preceding parameter vector falls below predefined limits. The last parameter vector is then considered to be the solution.
Results and discussion
The analytically and numerically determined stress distribution in the W and TiN film is shown in Fig. 5a , where the black solid line represents the analytical result and the red dashed line shows the FE result. The analytical as well as the numerical results show a large stress gradient inside the W film. Starting from 238 ± 15 MPa in the TiN interlayer, the stress increases rapidly in the W film and reaches a maximum value of 2300 ± 56 MPa at a depth of approx. 400 nm from the surface, as calculated analytically. After reaching the maximum, the stresses decrease toward the surface and reach a value of 633 ± 21 MPa in the top sublayer of the W film. The scatter of the so-determined stresses is relatively low since only the inaccuracies of the SEM measurements enter the calculations.
A comparison of the stress distributions derived from the two approaches (Fig. 5a) indicates a good agreement, only the stress value in the TiN interlayer shows a significant discrepancy in the residual stress (238 ± 15 MPa analytically and 456 ± 18 MPa numerically determined). However the measured and the calculated deflections of the Fig. 4 . In-plane stress distribution S11 in the cantilever with a rigid fixation (a and b) and an elastic fixation (c and d). The upper limit (red color) is set to 2210 MPa. The lower limit (blue color) is set to −1110 MPa. a) Initial stress distribution in the undeformed cantilever with a rigid fixation. b) Stress distribution and shape after film removal in the ILR area (black rectangle) for a cantilever with a rigid fixation. c) Stress distribution and shape for a cantilever with an elastic fixation (tied to an elastic "box") after film removal in the ILR area (black rectangle). The deflection is measured for every calculation step at the tip of the cantilever. d) Detailed view of the fixation region with a deformation scale factor of 80. The fixation is notably elastically deformed. Fig. 5 . a) Stress distribution in the film system determined analytically (black solid line) and numerically with a rigid fixation (red dashed line) and with an elastic fixation (blue dotted line). Additionally, three mean stresses are plotted, corresponding to the weighted average of the analytically determined stresses working in the W film (black solid line), the weighted average of the numerically determined stresses (red dashed line) using a rigid fixation and the weighted average of the numerically determined stresses (blue dotted line) using a rigid fixation. The error bars represent the scatter in the stress values with respect to the measurement inaccuracies. b) Measured (black solid line) and calculated (red dashed line) deflection of the cantilever as a function of removed sublayers. The difference is less than 10 −4 μm.
cantilever are in an excellent agreement (see Fig. 5b ), i.e., the difference is nowhere greater than 10 −4 μm.
Additionally, the mean stress values calculated from the sublayer values as a weighted average over all W sublayers,
are plotted in Fig. 5a . t i denotes the sublayer thickness. In the mean stress calculation the residual stresses working in the TiN interlayer are not taken into account. The black solid line represents the mean stress calculated from the analytically determined stresses and is 1680 ± 23 MPa. The red dashed line shows the mean stress calculated from the numerically determined stresses and is 1634 ± 21 MPa. The values are in an excellent agreement. In comparison with the XRD measured residual stress, which is 1433 ± 47 MPa in the W film, the values are reasonable. The calculated residual stress in the W film is approx. 15% higher than in the corresponding XRD measurement. The difference can be attributed to the mean penetration depth of only~500 nm. The stress magnitudes at positions below this depth are overemphasized due to the exponential absorption of X-rays in solids according to Lambert-Beer's law [1, 10] .
Influence of boundary conditions, geometry and cantilever fabrication
In Massl et al. [23] [24] [25] it has been shown that FIB damage as well as plastic deformation, cracking and stress redistribution during gradual FIB milling has no pronounced influence on the stress distribution in the film as long as the deformation of the cantilever is not too large. In [25] , Massl et al., propose guidelines for the correct geometry and the experimental procedure. Following these guidelines, the systematical and statistical errors can be minimized. In this paper, we will take a step further and investigate the influence of the geometry and different boundary conditions as well as the stress rearrangement during cantilever fabrication.
Influence of elastic fixation
Both, the analytical as well as the numerical results, assume a rigid fixation of the cantilever. However, in reality the cantilever is connected elastically with the remaining wafer. To consider the elastic fixation, a FE calculation including a part of the remaining wafer was performed. Fig. 4c-d shows the 3D FE model of the cantilever consisting of the layer system, the substrate and a representative part of the wafer in the following referred to as "box". The size of the box is chosen such that a further increase of the box size has no influence on the results. In order to reproduce the behavior of a large wafer, all degrees of freedom of the nodes on the surface, except the top surface and the right side of the box, are fixed. The residual stress distribution is determined in analogy to the approach explained in Section 4, only the FE model is changed as outlined above. Fig. 4d shows a detailed view of the fixation region with a deformation scale factor of 80. It can be clearly seen that the "box" in the vicinity of the fixation is elastically deformed. Therefore, an elastic fixation of the cantilever results in a reduction of the stresses over the entire layer thickness, as the cantilever can bend more freely in comparison to the rigid fixation. Fig. 5a shows the residual stress profiles for the rigid (red dashed line) and the elastic fixation (blue dotted line). Additionally, the analytical solution (black solid line) and the mean stress calculated from the sublayer values are shown in Fig. 5a . The stress reduction is almost constant across all sublayers in the W film and amounts to approx. 150 MPa, which is about 9% of the mean residual stress in the W film σ ¼ 1634 AE 21 MPa ð Þ . The stress reduction in the TiN interlayer is 250 MPa with leads to a residual stress of 206 MPa. Therefore, the influence of an elastic fixation on the determined residual stresses in the W film as well as in the TiN interlayer is significant and shall be considered.
Influence of geometry
The geometry of the cantilever will influence the stress profile as well. Not only the dimensions of the cantilever, which are included in the analytical description, but also the position of the ILR area and the geometry of the transition between cantilever and wafer will have an influence on the stress profile. During FIB preparation a sharp transition between the cantilever and the wafer cannot be realized. To study this effect, a FE model with a smooth transition radius of 1 μm at the bottom of the cantilever, in the following denoted as case A, has been created, see Fig. 6a . Furthermore, two models with an alternative position of the ILR area, denoted as case B and case C, are created to study the influence of varying positions of the ILR area, see Fig. 6b and Fig. 6c . In case B (Fig. 6b) the ILR area is shifted by 4 μm toward the fixed end into the wafer, in case C the ILR area is shifted by 4 μm in the opposite direction toward the free end of the cantilever. The stress distribution which is found for the model with elastic fixation is prescribed as predefined field in all three cases in order to deform the cantilever.
During the following calculation steps, the stresses in the sublayers relax and lead to a deflection of the cantilever. In this case the focus is on the validation of the deflection; hence no residual stress analysis is performed. The calculated displacements, measured at the cantilever tip, are shown in Fig. 6d . The black solid line shows the calculated deflection of the cantilever as a function of removed sublayers for the reference geometry (cantilever with "box" and sharp transition). The red dashed line shows the calculated deflection for case A. The displacements of the cantilever tip are in all steps lower than for the reference geometry. The radius in the transition region leads to an increased stiffness of the system, which lowers the deflection of the cantilever if the same residual stress distribution is initially present in the film system. Thus, to reach the same experimental displacement an increased residual stress distribution is necessary. However, the differences in deflection are less than 1.5% leading to only a slightly changed residual stress profile. The blue dotted and magenta dash-dotted lines (Fig. 6d) show the displacements for case B and C. It can be seen that a shift of the ILR area, which is in this simulation exaggerated compared to experimental inaccuracies, influences the displacements only slightly; the change is less than 1% in almost all points. Therefore, the influence of a misplaced ILR area as well as the influence of a rounded transition on the stress profile are low and can be neglected in the residual stress determination.
Influence of cantilever fabrication
Since the residual stress distribution in the film system deposited on the wafer is of interest, the question arises whether the changed stiffness of the system due to fabrication of the cantilever influences the residual stress state in the film system or not. Stefenelli et al. [47] showed that the sample preparation can have a large influence on the stress situation in the film, in particular when large parts of the material are removed during sample preparation. In order to investigate the influence of cantilever fabrication, FE studies are carried out. The wafer is modeled as block where the dimensions of the block (0.6 × 0.3 × 0.15 mm 3 ) are chosen such that the boundaries do not influence the area of interest. Furthermore, the block is fixed to suppress free body movement and rotation. Only half of the block is modeled and symmetric boundary conditions are applied at the symmetry plane. Again fully integrated second order brick elements are used. Two calculation steps are performed. In the first step the residual stresses, prescribed as initial condition, relax and the wafer bends slightly in order to bring the structure into its mechanical equilibrium. In the second step the cantilever fabrication is simulated by means of a model change technique [44] . To quantify the effect of the cantilever fabrication, in the FE calculation again a Levenberg-Marquardt optimization is carried out, where the residual stresses in the film system are iteratively adjusted until the relaxed residual stress after cantilever fabrication matches the stresses obtained from the ILR experiment. Since the stress profile using an elastic fixation is the most realistic solution, these stresses are used as target values for the optimization. Fig. 7a shows a detailed view of the in-plane stress distribution (S11) in the cantilever and in the wafer after cantilever fabrication. The upper limit (red color) is set to 2210 MPa and the lower limit (blue color) to −1110 MPa. The black solid rectangle indicates the position at which the residual stress profile (violet dashdotted line in Fig. 7b ) was determined in the unaffected wafer. The red dashed rectangular indicates the position at which the residual stress profile (blue dotted line in Fig. 7b ) in the cantilever was determined. Additionally the analytically determined stress profile is plotted (black solid line) in Fig. 7b .
It can be seen that there is a significant stress relief during cantilever fabrication. The stress reduction is between 160 MPa in the TiN interlayer and 270 MPa at the maximum stress in the W film. Additionally, three mean values are plotted, corresponding to the weighted average of the residual stresses working in the unaffected W film on the wafer, σ = 1774 MPa (violet dash-dotted line), the weighted average of the residual stresses working in the W film on the cantilever, σ = 1482 MPa (blue dotted line) and the measured stresses in the W film on the wafer, and σ = 1433 MPa (black dashed line) obtained by XRD. The mean value of the stresses in the unaffected wafer is approx. 290 MPa higher than those of the stresses in the cantilever, which is significant and should be considered in the residual stress determination. In comparison with the stresses obtained from XRD measurements the calculated mean stress in the unaffected wafer is approx. 340 MPa Fig. 6 . 3D in-plane stress distribution (S11) in the cantilever and in the vicinity of the ILR area ("box") for different geometries: a) Case A (rounded transition between cantilever and box). The position of rounded transition is highlighted with a black cycle. b) Case B: ILR area is shifted toward the remaining wafer. c) Case C: ILR area is shifted toward the cantilever tip. d.) Calculated deflection of the cantilever as a function of removed sublayers for the reference geometry (black solid line), case A (red dashed line), case B (blue dotted line) and case C (magenta dash-dotted line). Fig. 7 . Stress distribution in the cantilever and wafer after cantilever fabrication. a) Detailed view of the 3D in-plane stress distribution (S11) at the cantilever and in the vicinity of the cantilever. The upper and lower limits are set to 2210 MPa (red color) and −1110 MPa (blue color), respectively. The black solid rectangle indicates the position at which the residual stresses were determined in the unaffected wafer. The red dashed rectangle indicates the position at which the residual stresses in the cantilever were determined. b) Residual stress distribution in the film system determined in the middle of the cantilever (red dashed rectangle) and in the unaffected wafer (black solid rectangle). Additionally, three mean values are plotted, corresponding to the weighted average of the residual stresses working in the unaffected wafer (violet dash-dotted line), the weighted average of the residual stresses working in the cantilever (blue dotted line) and the measured stress in the wafer (black dashed line) obtained by XRD. higher. However, the difference between the calculated mean stress in the unaffected wafer and the residual stress obtained from XRD measurements can be explained by the exponential absorption of X-rays in solids according to Lambert-Beer's law, as outlined above.
Remarks on the elastic properties of the materials involved
The stress profile in the film system is calculated from the strains in the system and therefore depends on the elastic properties of the materials involved. As mentioned in Section 3, the elastic properties of thin films are strongly influenced by the deposition technique and their measurement is challenging. In principle, different measurement techniques are available [48] [49] [50] [51] [52] [53] , but they are not generally suited to determine the elastic properties of films at the nano-scale. To get an impression on how the elastic properties can affect the stress distribution, the upper and lower values for the material properties found in the literature [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] are used to determine a bandwidth of the stress profile. To quantitatively show the influence of the uncertainties of the elastic properties, other sources of scatter, e.g. inaccuracies of the SEM measurements and other geometric aspects, are not taken into account. Furthermore, the stresses are determined using the analytical approach. Fig. 8 shows the stress distribution calculated with the minimum values (black solid line) and the maximum values (red dashed line) of the Young's moduli and Poisson's ratios, taken from Table 1 . Additionally, the weighted mean values are shown. The shape of the stress profile remains unaffected, but the mean value is shifted in the range from 1564 MPa to 1778 MPa. Notably, the stress value in the TiN interlayer does not scatter very strongly (approx. 30%) even though the moduli differ by more than 150%. Furthermore, it can be shown that the values as well as the stress profile in the W film are only slightly influenced by the stress values of the interlayer. Thus, the interlayer properties have only a small influence on the determined stress distribution in the W film.
Conclusions
The ILR method was applied to determine the stress profile in an 800 nm thick W film with a 120 nm TiN interlayer deposited on a single crystalline silicon wafer. Two methods are used to determine the stresses from the deflection of the cantilever. The first is an analytical approach based on the Euler-Bernoulli beam theory. The second approach uses a least squares optimization coupled with a finite element simulation of the experiment. It is shown that the analytically determined stress distribution is in good agreement with the numerically determined one.
Numerical case studies investigating the influence of fixation, cantilever geometry and cantilever fabrication are performed. They show a slight influence of the cantilever geometry, such as the radius in the fixation region or a shifted ILR area, on the deflections of the cantilever and therefore also a small influence on the stress distribution.
Additionally, we show that a realistic elastic fixation instead of the previously considered rigid one results in higher deflections at the cantilever tip. Consequently, to reach the measured deflections, lower stresses in the film system are necessary. We demonstrate that the influence of fixation is pronounced and cannot be neglected for stress determination.
Moreover, the influence of the cantilever fabrication on residual stress relief is investigated. The cantilever fabrication leads to a significant stress relief, so that the residual stresses determined with the ILR method underestimate the stress situation in the initial wafer which has to be accounted for.
Once realistic low dimensional structures such as conductivity lines or through silicon vias are considered rather than flat model systems, very comparable relaxations mechanisms act on the real structure, which can now be adequately considered as shown in this work. Fig. 8 . Stress distribution in the film system determined analytically using different elastic properties. The red dashed line shows the stress distribution calculated with maximum values, while the black solid line uses minimum values. Additionally, the mean value (red dashed line) for the upper stress limit and the mean value (black solid line) for the lower stress limit is plotted.
